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Introduction 


Phased  array  antennas  can  steer  the  transmitted  or  received  signals  either  linearly 
or  in  two  dimensions  without  mechanical  oscillation.  These  antennas  are  currently  con¬ 
structed  using  ferrite  phase  shifting  elements.  Due  to  the  type  of  circuit  requirements  nec¬ 
essary  to  operate  these  antennas,  they  are  costly,  large,  and  heavy;  therefore,  their  use 
has  been  limited  primarily  to  strategically  depentent  military  applications  In  order  to 
make  these  devices  available  for  many  other  commercial  and  military  uses,  the  basic  con¬ 
cept  of  the  antenna  must  be  improved.  If  ferroelectric  material  could  be  used  instead  of 
ferrites,  phased  array  antennas  would  be  totally  revolutionized. 

The  concept  of  using  ferroelectric  materials  for  phased  array  radar  systems  is  not 
new.  However,  due  to  new  and  sophisticated  device  fabrication  and  testing,  as  ncll  as 
to  the  advent  of  new  improvements  in  electro-ceramic  formulations  and  ceramic  process¬ 
ing,  the  use  of  these  materials  seems  more  realistic  than  ever. 

A  ceramic  barium  strontium  titanate  (BSTO),  Bai-xSrxTi03,  electro-optic  phase  shifter 
using  a  planar  microstrip  construction  has  been  demonstrated  (1).  In  order  to  meet  the  re¬ 
quired  performance  specifications  for  maximum  phase  shifting  ability,  the  electronic  prop¬ 
erties  in  the  low  frequency  (KHz)  and  microwave  regions  (GHz)  must  be  optimized. 

As  part  of  this  optimization  process  various  dopants  have  been  added  to  the  material 
and  their  effects  on  the  electronic  properties  have  been  studied.  The  relationships  be¬ 
tween  the  effect  of  these  dopants  on  the  dielectric  constants,  tunability.  grain  size.  Curie 
temperature  and,  in  some  cases,  strontium  content  have  been  investigated  and  will  be  dis¬ 
cussed  in  this  report.  This  report  will  outline  some  of  the  initial  findings  and  compare 
the  results  found  for  some  of  the  dopants  to  the  results  obtained  in  doped  BaTi03  (BTO) 

Experimental 


Ceramic  Processing 

Table  I  contains  the  additives,  sample  numbers,  calcining,  and  sintering  temperatures 
for  the  specimens  examined  in  this  investigation.  Various  oxide  and  fluoride  addi¬ 
tives  were  mixed  with  BaTi03  (Ferro  Corp.  #219-6)  and  SrTi03  (Ferro  Corp.  #218)  in  a 
formulation  for  additive  testing  of  Bao  viSro  25Ti03.  The  mixture  was  ball  milled  in  etha¬ 
nol  using  alumina  grinding  media  for  about  24  hours  and  subsequently  air  dried.  The  pow¬ 
der  is  then  calcined  at  the  temperatures  given  in  Table  1.  Tlie  calcined  material  was 
then  made  into  a  slurry  w^ith  ethanol  and  ball  milled  with  alumina  grinding  media  for 
24  hours.  At  this  time,  3  w't%  organic  binder  from  Rohm  and  Haas  Company,  product 
Rhoplex  B-60A  which  is  an  aqueous  emulsion  of  acrylic  polymer,  was  added  to  improve 
green  body  strength  and  permit  sample  fabrication  The  mixture  was  then  ball  milled  for 
another  four  to  five  hours  and  air  dried.  The  powder  was  cold  uniaxially  pressed  at  a 
pressure  of  approximately  7000  psi.  The  pellets  were  sintered  at  the  temperatures  given 
in  Table  1  for  an  average  soak  time  of  about  two  hours.  Table  2  gives  the  final  geo¬ 
metrical  densities,  %  theoretical  density,  %  porosity  (open)  and  %  liquid  absorption  (etha¬ 
nol)  for  the  specimens  listed  in  Table  1.  The  %  porosity  and  the  %  liquid  absorption 
were  determined  from  immersion  density  methods,  using  specimens  which  were  placed  in  a 
vacuum  and  then  saturated  with  ethanol;  the  %  porosity  was  determined  from  the  dry 
weight,  the  saturated  weight,  and  the  suspended  (in  ethanol)  saturated  weights. 


1 


Table  1.  Sample  descriptions  of  doped  BSTO  (Ba=0  75)  and  BaTiOs 


Sample  # 


Additive 


Calcining  temp. 
(°C) 


Sintering  temp 

rc) 


BSTO 


A30 

1  \M%Zt02 

1100 

1325 

A31 

1  wt%  Zr02. 

1  wt%  BaLiFa 

700 

1335 

A32 

5  m%  Bi2(Sn03)3 

1100 

1350 

A33 

5  m%  Bi2(Sn03)3, 

1  wt%  BaLiFa 

700 

1335 

A35 

1.8wt%CaSn03 

1100 

1325 

A36 

2  wt%  CaTiOa 

1100 

1325 

A37 

2  m%  NiSnOa 

1100 

1350 

A38 

2.5  wt%  BaLiFa, 

CaO,  Mn02 

700 

1325 

A39 

1  wt%  AI2O3 

1100 

1335 

A40 

30  wt%  AI2O3 

1100 

1335 

A68 

Undoped 

1100 

1335 

BaTiOa 


A58 

1  wt%  2r02 . 

1  wt%  BaLiFa 

700 

1335 

A59 

5  m%  Bi2(Sn03)3 

1100 

1335 

A60 

30  wt%  AI2O3 

1100 

1335 

A61 

1  wt%  AI2O3 

1100 

1335 

A62 

2.5  wt%  BaLiFa, 

CaO,  MnOa 

700 

1350 

A63 

2  m%  NiSnOa 

1100 

1350 

A64 

2  wt%  CaTiOa 

1100 

1325 

A65 

6  wt%  CaTiOa. 

4  wt%  CaSnOa 

1100 

1350 

A66 

2  m%  CaSnOa 

1100 

1325 

A67 

5  m%  Bi2(Sn03)3, 

1  wt%  BaLiFa 

700 

1335 

A69 

Undoped 

1100 

1335 
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Table  2.  Densities  and  porosity  of  doped  BSTO  {Ba=0  75)  and  doped  BaTi03 


Sample  # 

Density 

(g/cm^) 

%  Theoretical 
density 

%  Porosity 

%  Liquid 
absorption 

BSTO 

A30 

5.44 

96 

2.31 

034 

A31 

5,13 

91 

5.58 

0.84 

A32 

5.22 

92 

225 

0  33 

A33 

5.19 

91 

2.54 

0  36 

A35 

5  32 

94 

1  01 

0  15 

A36 

5  14 

91 

9  15 

1  45 

A37 

520 

92 

2.41 

0.35 

A38 

5,11 

90 

248 

0  36 

A39 

5.20 

92 

2.36 

0.36 

A40 

3.97 

- 

6.76 

1  44 

A68 

5.54 

97 

0.62 

008 

BaTiOs 

A58 

5.49 

94 

5.95 

088 

A59 

5.79 

99 

395 

0.54 

A60 

3.40 

- 

17  82 

4  02 

A61 

522 

90 

4.96 

080 

A62 

5  13 

88 

20.12 

3  35 

A63 

5.97 

100 

3.69 

055 

A64 

532 

91 

6.45 

0.97 

A65 

5.70 

97 

5.26 

087 

A66 

5.80 

99 

6.00 

087 

A67 

562 

96 

7.22 

1.03 

Electronic  Measurements 

Before  discussing  the  electronic  properties  of  the  materials,  some  definitions  are  re¬ 
quired.  The  dielectric  constant  of  a  given  material  can  be  related  to  the  amount  of  en¬ 
ergy  storage  by  measuring  the  capacitance  (F)  of  the  material,  where  e  =  C(F)xd/EoA,  d 
=  thickness,  A  =  area,  and  so  =  8.8542  x  10'*^  F/ni.  In  general,  for  any  given  material 
the  dielectric  constant  e  =  e'-ie"  Tlic  loss  tangent  (tan  5)  of  the  material  is  related  to 
the  energy  dissipated  and  is  given  by  the  ratio  of  the  imaginary  part  of  the  dielectric  con¬ 
stant  e"  divided  by  the  real  part  e'.  The  Curie  temperatures,  dielectric  constants,  e', 
and  %  tunability  was  determined  at  the  ARL-Microwave  and  Photonics  Branch  Elec¬ 
tronic  Power  Sources  Directorate  The  tunability  of  a  material  is  defined  as; 


%  tunability  =  (e  (0)  -e  (Vapp))/(E  (0)). 


(1) 


The  block  diagram  of  the  experimental  apparatus  for  measuring  the  tunability,  dielectric 
constants.  Curie  temperature,  and  hystcrisis  is  shown  in  Figure  1  The  sample  is  encap¬ 
sulated  in  a  dry  box  and  is  heated  and  cooled  with  a  thermoelectric  cooler  (TEO  The 
TEC  has  two  wires  connected  to  the  computer  controlled  by  a  double  throw  switch  which 
changes  the  polarity  of  the  voltage  applied  to  the  TEC  The  temperature  is  held  within 
±  0.05^C.  The  device  under  test  (DUT)  is  painted  on  both  sides  with  silver  epoxy  and 
mounted  to  the  brass  plate  holder  with  epoxy.  A  wire  is  fixed  to  the  top  of  the  specimen 
and  held  in  place  with  a  Teflon^^  plate,  and  tightened  with  two  tension  screws,  as  shown 
in  Figure  2.  The  fixture  is  placed  in  an  oven  at  150^C  for  one  hour  to  anneal  the  silver 
epoxy;  then,  the  specimen  is  placed  into  a  dry  box  and  the  test  is  run  The  data  in¬ 
cludes  standard  deviation  at  each  point.  The  tunability  measurements  were  taken  with  an  applied 
electric  field  which  ranged  from  0  V/micron  to  1.5  V/micron.  All  of  the  electronic  properties 
reported  here  were  measured  at  a  frequency  of  1  KHz. 


Figure  1  Block  diagram  of  ARL-EPSD  electronic  test  equipment 
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Figure  2.  Specimen  holder  and  heating  apparatus  for  electronic  test  system 


Results  and  Discussion 

The  inverse  of  the  dielectric  constant  versus  temperature  for  samples  A68  and  A3()  arc 
shown  in  Figures  3(a)  and  3(b)  The  degree  of  homogeneity  in  the  materials  can  be  deter¬ 
mined  from  how  well  the  data  obeys  the  Curic-Weiss  law.  where; 

1/8  =  1/eo  ((T-Tc)/(T  +2Tc)),  (2) 

1 2 

Tc  =  Curie  temperature,  eo  =  8.8542  \  10’  F/m. 

Using  the  data  shown  in  Figure  3,  the  relationship  described  by  Equation  2  is  followed 
until  2°C  of  the  Curie  temperature  (40^C)  Tliis  indicates  that  the  sample  is  highly 
uniform  and  that  the  dielectric  properties  of  the  bulk  are  representative  of  the  entire 
specimen. 

Dopants  in  BSTO  (Ba=0.75) 

A  summary  of  the  electronic  properties  of  the  doped  BSTO  (Ba=0.75)  specimens  is 
given  in  Table  3.  The  specimens  were  measured  at  1  KHz  and  the  electric  field  was  in¬ 
creased  to  1.5  V/pm.  Dopants  that  were  studied  in  this  investigation  cither  substitute 
for  the  Ba  site  or  the  Ti  site  in  the  material.  Generally,  the  dopants,  which  are  com¬ 
pounds,  will  have  constituents  that  will  predominantly  substitute  into  these  lattice  ^^osi- 
tions.  The  effects  of  these  substitutions  arc:  if  substituted  into  the  Ba  site  to  shift  the  Curie 
temperature,  or  if  substituted  into  the  Ti  site  to  suppress  tlie  Curie  temperature.  Compound 
dopants  ultimately  occupy  integranular  positions  and  do  not  combine  totally  into  the  lattice  po¬ 
sitions.  Therefore,  studying  the  electronic  behavior  can  indicate  the  subtle  effect  of  the 
dopants  on  the  crystal  structure  of  the  materials  even  if  the  lattice  parameters  and  X-ray  dif¬ 
fraction  patterns  are  not  affected  To  clarify  the  differences  between  the  effect  of  the 
dopant  and  that  of  Sr  in  the  ceramics,  identical  dopants  have  been  added  to  barium  titanatc 


1/e  ^  1/c 


BSTO  (Ba=0.75)  undoped 


Temperature  (“Q 


BSTO  (Ba=0.75)  &  1wt%  Zr02 


Temperature  (”Q 


Figure  3  Curie-Weiss  relationship  1/r,  versus  temperature  for:  (a)  an 
undoped  specimen,  and  (b)  a  specimen  doped  with  2  wt%  zirconia. 


Tab*"'  Electronic  properties  of  doped  8STO  (Ba=0  75)  measured  at  1  KHz 


Sample  # 

Dielectric  constant 

Curie  temperature 
(°C) 

Tunability 

(%) 

Hysteresis 
_  (%) 

A30 

1630 

60 

280 

2.0 

A31 

1388 

55 

270 

20 

A32 

1193 

54 

23.0 

0.2 

A33 

549 

-60 

15 

0.2 

A35 

675 

55 

17.0 

— 

A36 

474 

60 

170 

2.0 

A38 

532 

40 

23.0 

0.3 

A39 

930 

50 

28.0 

0.6 

A40 

25 

- 

4.0 

0  1 

A68 

1150 

60 

32.0 

5.0 

For  a  clearer  understanding  of  the  trends  found  in  the  results,  some  of  the  data  will 
be  presented  in  a  graphic  format,  as  shown  in  Figures  4  and  5.  It  is  obvious 
from  these  figures  (Figure  4  shows  the  dielectric  constant  versus  tunability  and  Figure 
5  shows  the  Curie  temperature  versus  tunability)  that  the  tunability  increases  with  increas¬ 
ing  dielectric  constant  and  also  with  increasing  Curie  temperature.  This  is  a  direct  conse¬ 
quence  of  the  fact  that  the  tunability  is  greatest  at  the  peak  of  the  Curie  temperature  and 
is  also  high  at  tempcratu’^es  below  the  Curie  point  where  the  material  is  in  the  ferroelec¬ 
tric  region.  At  temperatures  far  above  the  Curie  temperature  (in  the  paroelectric  region) 
for  a  particular  composition  the  tunability  drops  off  rapidly.  Likewise,  the  dielectric  loss 
of  any  given  material  is  decreased  when  the  material  is  measured  in  its  paraelectric 
region  or,  in  other  words,  when  the  Curie  temperature  is  decreased.  This  was  observed 
for  sample  A30  (1  wt%  zirconia)  which  had  a  loss  tangent  of  0.36  at  10  GHz  (Curie  tem¬ 
perature  of  60^C,  dielectric  constant  =  1630)  as  compared  to  sample  A31  which  was 
doped  with  1  wt%  zirconia  and  1  wt%  BaLiFs  (Curie  temperature  of  55°C,  dielectric  con¬ 
stant  =  1388)  and  has  a  loss  tangent  of  0.15.  As  seen  above,  the  loss  tangent  seems  to  de¬ 
crease  with  dielectric  constant.  A30  and  A31  can  be  compared  to  A39  (doped  with  30  \\t% 
alumina)  which  at  39  GHz  has  a  dielectric  constant  of  45.8  and  a  loss  tangent  of  0.054. 

The  loss  tangent  is  definitely  less  for  the  lower  dielectrics.  It  should  be  noted  that  composi¬ 
tions  which  had  Curie  temperatures  below  room  temperature  had  a  tunabilit\’  of  less  than  10%. 

The  %  hystersis  is  not  directly  related  to  changes  in  die  dielectric  properties  However,  in  the 
paraelectric  region  the  hysteresis  is  thought  to  be  due  to  aging  under  bias. 

The  grain  size  of  the  material  is  related  to  the  electronic  properties,  as  can  be 
seen  in  Figure  6.  As  the  grain  size  decreases,  the  dielectric  constant  increases  in  these 
materials  and  the  increase  reaches  a  maximum  at  grain  sizes  of  around  10  microns. 

This  behavior  has  been  noted  previously  and  has  been  attributed  to  an  increase  in  the  do¬ 
main  width  and  increase  in  internal  stress  below  a  critical  grain  size  (2).  Figure  7 
shows  the  tunability  and  the  Curie  temperature  versus  grain  size.  As  expected,  below  a 
critical  grain  size  of  about  1  micron  both  the  tunability  and  Curie  temperature  decrease 
drastically. 
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Figure  4.  Dielectric  con$lant  versus  tunability  (1.5  V/micron)  for  doped  BSTO 
(Ba=0.75). 
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Figure  5.  Curie  temperature  (*^C)  versus  %  tunabiHty  (1.5  V/micron)  for  doped 
BSTO  (Ba=0.75). 
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Figure  6.  Dielectric  constant  versus  grain  size  for  doped  BSTO  (Ba=0.75). 
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Figure  7.  Curie  temperature  and  tunability  (15  V/micron)  versus  grain  size 
for  doped  BSTO  (Ba=0,75). 


Dopants  in  BTO 


The  results  of  the  electronic  properties  of  BTO  doped  with  the  identical  dopants  of 
the  BSTO  samples  arc  shown  in  Table  4.  As  shown  in  Figures  8  and  9,  similar  results 
are  shown  for  the  dopants  when  added  to  BTO  As  expected,  the  tunability,  in  general, 
is  less  than  the  BSTO  (Ba=0.75)  samples,  this  is  because  the  Curie  temperature  of  un¬ 
doped  barium  titanate  is  very  much  above  room  temperature  (120®C).  TTie  primary  rea¬ 
son  strontium  is  used  is  the  fact  that  controlling  the  Curie  temperature  is  the  most 
effective  method  for  controlling  tunability.  As  obtained  for  the  doped  BSTO  (Ba=0.75) 
materials,  the  tunability  decreases  when  any  dopant  is  added  to  pure  barium  titanate. 

Also,  similar  to  BSTO,  the  doped  BTO  samples  with  the  lowest  tunabilities  (samples  A59 
and  A67)  have  the  lowest  Curie  temperatures  which  are  below  room  temperature  This, 
again,  leads  to  the  conclusion  that  when  operating  these  ferroelectric  materials  in  the 
paraelcctnc  region  the  tunability  is  decreased.  However,  as  shown  in  Table  4,  and  as 
stated  before,  the  loss  is  also  decreased  (these  losses  are  approximate  values).  However, 
the  dielectric  constant  does  not  increase  with  an  increase  in  tunability  and  is  not  clearly 
related  to  the  tunability  as  in  the  case  of  BSTO  This  is  probably  because  of  the  differ¬ 
ences  in  the  Curie  temperature  in  the  case  of  BSTO  as  compared  to  BTO  In  the  case 
of  BSTO  (Ba=0.75),  the  peak  of  the  dielectric  constant  (40°C)  is  near  to  the  operating 
(room)  temperature,  therefore,  small  variations  in  the  position  on  this  curve  make  a  large 
difference  in  the  value  obtained  for  the  dielectric  constant  as  well  as  in  the  tunability. 

On  the  other  hand,  for  BTO  (Curie  temperature  =  120‘^C)  at  room  temperature,  the  dielec¬ 
tric  constant  curve  is  fairly  flat.  Small  changes  in  the  dielectric  cannot  greatly  affect  the 
tunability.  Also,  the  magnitude  of  the  change  in  the  dielectric  is  not  as  great  as  that 
experienced  with  the  BSTO  samples. 


Table  4  Electronic  properties  of  doped  BTO  measured  at  1  KHz 


Sample  # 

Dielectric  constant 

Curie  temperature 

CO) 

Tunability 

(%) 

Tan  6 

A58 

814 

110 

170 

0  100 

A59 

575 

-70 

0  8 

0010 

A60 

14 

40 

1.0 

0010 

A61 

880 

130 

10.0 

0.100 

A62 

1267 

100 

130 

0.010 

A63 

1617 

130 

8.0 

0.010 

A64 

695 

135 

3.0 

0010 

A65 

97 

90 

5.0 

0.010 

A67 

410 

-50 

0.4 

0.010 

A69 

952 

120 

22.0 

0.100 
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Figure  8.  Dielectric  constant  versus  tunability  (1,6  V/micron)  for  doped  BTO. 
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Tunability  (1.5  V/micron) 


•  Undoped 

•  5  m%  812(8003)3, 
BaLiF3 

•  4  \vt%  Ca  811035 
6  wt%  CaTi03 

0  1  \vt%  ZrOj, 
BaLlFj 

0  5  m%  612(8003)3 

•  2  wt%  CaTi03 

•  2  m%  NiSn03 

0  2.5  wt%  BaLlFj, 
0.25  wt%  MnO^, 
0.03  wt%  CaO " 

O  1  wt%  AI2O3 
O  30  wt%  AI2O3 


Figure  9.  Curie  temperature  (°C)  versus  %  tunability  (1.5  V/micron)  for  doped  BTO. 
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The  grain  size  versus  dielectric  constant  of  the  doped  BTO  samples  are  shown  in 
Figure  10.  As  seen  in  the  case  of  the  doped  BSTO  samples,  the  dielectric 
increases  with  the  decrease  in  grain  size  until  about  1  p.m.  This  result  has  been  reported 
previously  and  was  attributed  to  the  decrease  in  domain  width  and  the  increase  in  inter¬ 
nal  stress  (2).  The  grain  size  below,  which  the  dielectric  begins  to  decrease,  is  less  in 
the  case  of  BTO  as  compared  to  BSTO.  As  shown  in  Figure  11,  the  tunability  and 
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Curie  temperature  decrease  rapidly  below  a  grain  size  of  1  micron,  which  was  the  case 
for  BSTO.  This  produced  investigation  of  the  grain  size  and  the  electronic  properties  as 
a  function  of  Ba(l-x)  content  in  the  material  which  will  be  discussed  in  tire  following  section. 
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Figure  10.  Dielectric  constant  versus  grain  size  for  doped  BTO. 
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doped  BTO. 
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Variation  of  Ba(l-x)  Content  in  Undoped  and  Doped  BSTO 

As  shown  in  Figure  12,  the  dielectric  constant  is  a  maximum  at  barium  content  be¬ 
tween  1-x  =  0.65  to  0.70.  This  is  because  these  compositions  have  Curie  temperatures 
which  are  at  room  temperature  and,  therefore,  represent  peak  dielectric  constants  for  the 
material.  Figure  13  shows  the  tunability  versus  Ba(l-x)  content.  The  tunability  is  also  a 
maximum  for  compositions  in  the  range  from  1-x  =  0  65  to  0.75.  Again,  this  is  due  to 
the  temperature  at  which  the  peak  dielectric  constant  occurs  which  is,  for  these  composi¬ 
tions,  around  room  temperature.  Since  the  tunability  is  essentially  the  derivative  with 
respect  to  voltage  of  the  dielectric  constant  curve,  the  maximum  tunability  should  occur 
at  the  steepest  point  of  the  curve  which  is  at  room  temperature  for  those  compositions 
The  Curie  temperature  versus  composition  (Ba(l-x))  is  shown  in  Figure  14  As  displayed 
in  Figure  14,  the  relationship  is  linear  This  linearity  and  controllability  is  due  to  the 
fact  that  the  addition  of  strontium  changes  the  phase  of  the  material  from  tetragonal 
at  room  temperature  for  barium  titanate  to  cubic  at  room  temperature  for  BSTO,  with 
a  linear  decrease  in  the  lattice  constant  as  the  strontium  content  is  increased  Since 
the  addition  of  strontium  offers  this  very  linear  and  eontrolled  modification  of  the 
Curie  temperature  in  barium  titanate,  it  has  been  a  widely  used  additive  and  is  commonly 
used  in  the  capacitor  industry'. 


Ba  Sr  TiO 


Undo pod 


Figure  12  Dielectnc  constant  versus  barium  content, 
(Ba(1-x).  for  undoped  materials 
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Figure  13.  Tunability(%,  1.5  V/micron)  versus  barium  content.  Ba(l-x), 
for  undoped  materials. 
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Figure  14.  Curie  temperature  versus  barium  content  Ba(l-x), 
tor  undoped  materials. 


Figures  15,  16,  and  17  show  the  relationship  between  the  dielectric  constant,  tunabil- 
ity.  Curie  temperature,  and  barium  content  for  specimens  doped  with  BaLiFs.  The  rela¬ 
tionships  of  the  electronic  properties  (dielectric,  constant.  Curie  temperature,  and 
tunability)  versus  Sr  composition  are  unchanged  when  other  dopants  such  as  BaLiFs  is 
added  to  the  material.  The  electronic  properties  versus  Ba(l-x)  content  are  also  un¬ 
changed  for  Zr02  samples.  This  indicates  that  these  other  dopants,  at  the  levels  incorpO' 
rated,  have  little  affect  on  the  lattice  constants  and  crystal  structure  of  the  material. 
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This  was  indeed  found  from  the  X-ray  diffraction  data  which  did  not  show  any  change 
in  the  lattice  constants  (compared  to  the  undoped  materials  with  the  same  Sr  content). 
The  dopants,  however,  do  decrease  the  tunability  and,  in  the  case  of  the  fluoride  dopants, 
the  dielectric  constant  is  decreased.  Zirconia  at  this  level  of  substitution  does  not  de¬ 
crease  the  dielectric  constant. 


bd(1 -X) 


Figure  15.  Dielectric  constant  versus  barium  content,  Ba(l-x).  for 
materials  doped  with  2.5  wt%  BaLiFs. 
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Figure  16.  Tunability  (%,  1.5  V/micron)  versus  barium  content,  Ba(l-x),  for 
materials  doped  with  2.5  wt%  BaLiFs. 
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Figure  17.  Curie  temperature  versus  barium  content, 
Ba(l-x),  for  materials  doped  with  2.5  wt%  BaLiFs. 


Figure  18  shows  the  Ba(l-x)  content  and  dielectric  constant  versus  grain  size  for  un¬ 
doped  specimens.  As  seen  in  the  figure,  the  grain  size  increases  with  the  increase  in 
Ba(l-x)  content,  which  is  as  expected.  However,  the  dielectric  constant  increases  with 
the  decrease  in  grain  size,  which  indicates  a  maximum  dielectric  constant  at  a  grain 
size  of  about  10  microns  (composition  of  about  Ba(l-x)  =  0.65).  Then,  the  dielectric  con¬ 
stant  decreases  with  further  decrease  in  grain  size  below  10  microns.  The  decrease  in  di¬ 
electric  constant  is  probably  due  to  the  shift  in  Curie  temperature,  as  well  as  grain  size 
effects. 

Figure  19  shows  the  grain  size  versus  Ba{l-x)  content  for  doped  BSTO  with  1  wt% 
Zr02  as  compared  to  the  undoped  specimens.  It  is  obvious  that  the  addition  of  zir- 
conia  decreases  the  grain  size.  The  data  does  indicate  a  slight  decrease  in  the  dielec¬ 
tric  constant  for  compositions  where  the  grain  size  is  also  the  most  dramatically  affected; 
i.e.,  for  barium  content  =  1.00,  0.75,  and  0.65.  However,  specimens  with  varying  barium 
content  doped  with  zirconia  showed  identical  trends  in  the  dielectric  constant  and  other 
electronic  properties  versus  barium  content  as  the  undoped  and  the  specimens  doped  with 
BaLiF3.  This  is  probably  because  zirconia  does  effect  the  Curie  temperature  as  does  the 
strontium  titanate;  therefore,  the  change  in  the  dielectric  constant  with  the  change  in  the 
barium  content  is  the  dominant  effect  at  this  level  of  zirconia  substitution.  The  substitu¬ 
tion  of  zirconia  does  broaden  the  Curie  temperature  and  decreases  the  dielectric  constant 
for  compositions  which  are  in  the  ferroelectric  region,  and  this  broadening  effects  room 
temperature  dielectric  constant  data. 
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Figure  18.  Barium  content,  Ba(l-x).  and  dielectric  constant 
versus  grain  size  for  undoped  materials. 
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Figure  19.  Barium  content  Ba(l-x),  versus  grain  size  for  undoped 
materials  and  materials  doped  with  1.0  wt%  zirconia. 
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Conclusions 


For  dopant  modifications  BSTO  (Ba(l-\)  =  0  75)  as  studied  in  this  investigation,  it 
was  found  that  the  tunability  increases  with  an  increase  in  the  dielectric  constant  and 
with  an  increase  in  Curie  temperature  The  tunability,  however,  is  the  greatest  in  the  un¬ 
doped  matenal  The  loss  tangent  (10  GHz)  was  also  found  to  increase  with  an  increase  in 
the  Curie  temperature  This  is  because  the  loss  tangent  is  the  greatest  when  the  material  is 
in  the  ferroelectric  phase;  therefore,  it  is  the  greatest  for  materials  which  have  Cune  tempera¬ 
tures  at  and  above  room  temperature. 

BTO  with  the  same  additives  as  used  in  the  above  mentioned  portion  of  this  in\  ^sti- 
gation  shows  similar  electronic  behavior.  The  tunability  obtained  for  these  specimens 
even  in  the  undoped  specimen  is  less  than  in  the  BSTO  (0  75)  samples.  Also,  the 
dopants  again  reduce  the  tunability  as  compared  to  the  undoped  BTO  specimen  The  di¬ 
electric  constant  is  not  as  clearly  related  to  the  tunability  as  in  the  BSTO  materials 
This  is  because  the  Curie  temperature  of  almost  all  of  these  samples  arc  far  above  room 
temperature. 

Variation  of  the  barium  content  shows  that  the  maximum  tunability  and  dielectric 
constant  occur  at  a  barium  content  Ba(l-.\)  =  0.65  Tliis  is  because  this  composition  has 
a  Curie  temperature  at  room  temperature.  Therefore,  the  peak  dielectric  constant  and  the 
room  temperature  dielectric  constant  coincide.  Also,  the  Curie  temperature  increases  line¬ 
arly  with  an  increase  in  barium  content  BaLiF3  and  Zr02  at  the  levels  incorporated  in 
this  study  do  not  change  the  relationships  described  above. 

The  grain  size  is  related  to  the  electronic  properties.  For  the  doped  BSTO  (0  75) 
specimens,  the  dielectric  constant  increases  with  a  decrease  in  grain  size,  then,  beyond  a 
critical  grain  size  of  10  microns  the  dielectric  constant  decreases.  Similar  behavior  was 
found  in  the  doped  BTO  specimens.  The  grain  size  of  the  specimens  decreases  with  the 

decrease  in  barium  content  and  also  wiien  zirconia  is  added.  TIic  zirconia  doped  materi¬ 

als  show  less  of  a  dependence  on  barium  content.  In  order  to  further  clarify  relation¬ 
ships  between  microstruclures  and  electronic  properties,  various  amounts  of  the  same 
dopant  will  be  added  to  a  single  composition  of  BSTO  However,  it  is  clear  that  the 
grain  size  plays  an  important  role  in  controlling  the  electronic  properties  of  the  BSTO, 
and  the  grain  size  seems  to  effect  all  of  the  electronic  properties  simultaneously 
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